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The precursor of pholosystcm I (PSI) subunit II (prc-subunit II) synthesized invitro, was found to bind to the holo-PSI complex, both within the 
thylakoids and outside. aher dcicrgcnt extraction of PSI from the membranes. Chloroplnsi stromal fraction added IO the purified PSI complexes, 
containing the labeled arc-subunit II, induced the processing of the precursor to the mature form. This implia that processing can occur within 
the isolated complex. alter the imegration of the precursor. The results prcscntcd suggest thal certain aspects of biogenesis of mcmbranul protein 
complcxcs can be studied in dclcrgcnt-cxtracicd purified complexes, 
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1. INTRODUCTION 
The photosystem I complex (PSI) present in thy- 
lakoids of higher plants, algae and cyanobacteria medi- 
ates the electron transfer from plastocyanin to ferre- 
doxin. In green algae and higher plants, the complex 
consists of a light-harvesting antenna (LHCI), and a 
core component (CCL) in which the charge separation 
takes places [I ,2]. At present CC1 is believed to contain 
12 polypeptide subunits, about 60 chlorophyll u molc- 
cules, l-5 p-carotenes and three [4Fe-4S] clusters. The 
complex is believed to be organized within the thylakoid 
membrane with some of its subunits facing the stromal 
side (PsaC, PsaD, PsaE), and at least one (PsaF) is 
exposed to the luminal side of the mcmbrunc [3,4]. 
In spinach, subunit II (PsaD) of CC1 has been shown 
to be synthesized in the cell cytoplasm as a precursor of 
23.2 kDa [5,6]. Its amino acid sequence did not indicate 
the presence of any trans-membranal regions in the pro- 
tein. Hence, the protein is assumed to be a peripheral, 
rather than an integral membrane protein. Analysis of 
its transit sequewe [7], proteolytic digestion [S] as well 
as additional biochemical data [9] suggest hat subunit 
II is located on the stromal side of the thylakoid mem- 
brane. 
PsaD has been shown to be crosslinked to the soluble 
ferredoxin, and therefore suggested to have a role in 
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docking ferredoxin to the PSI complex [lO,ll]. In a 
rcccnt work, Li and his co-workers reconstituted PsaD 
to depleted CC1 core complexes. .They have very elc- 
gantly shown that by binding of sybunit II (PsaD), the 
binding of subunit VII (PsaC) has been stabilized and 
improved [12]. Subunit VII contains the two terminal 
electron acceptors of Ccl, and in turn donates the elec- 
trons to the soluble ferredoxin 141. 
Subunit II (PsaD) has also been shown to play a role 
in the biogenesis and assembly of the entire PSI com- 
plex. Upon exposure of etiolated plants to light, subunit 
II was the first nuclear polypeptide to accumulate in the 
leaves [13,14]. In Cltluttt),~onlortus, in the absence of 
PsaD, the accumulation of PSI was prevented [ 151. Fur- 
thermore, SJ~W~~O~JW’s sp. 6803 mutant. which lacked 
this subunit, exhibited much lower photosynthetic activ- 
ity than that of the wild-type [ 161. These findings imply 
the importance of PsaD for the formation of PSI as well 
as for the function of its reducing site. 
In a recent study it was shown that the precursor of 
subunit II is imported into the chloroplast and inserted 
into the thylakoid membranes. There, it was processed 
to the mature form [17]. Both the precursor and the 
mature forms were confined to the PSI complex. The 
present study further characterizes this integration, and 
attempts to find whether the insertion of the protein 
occurs directly into the PSI complex, without involvc- 
ment of any additional component. 
2. MATERIALS AND METHODS 
2. I, Pfurrl rnur&tl 
Spinach plants were grown hydroponically for 3 weeks in light (I 50 
pElm’/s/dark cycles of 14 and IO h, rcspcclively [l7]. 
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Plants were harvested and thylnkoids wrrc isolo:ed as dcscribcd 
[17], The PSI complex was extracted from the thylakoids with 1% 
dodecyl+a-rnaltosidc and sepurdled by SU~~~SC drnsi!y gradients (16 
h ccntrifugtrtion i  35,000 rpm in ~41 rotor) [IS]. 
The gene coding for the precursor of subunit II (PsaD), which was 
cloned in a Blucscript vector, was transcribed in vitro. The rcsultillg 
mRNA was then translated in u wheat germ extract in the presence 
of p’S]methionine [17]. 
Assembly of the labeled precursor into the PSI complex and its 
processing were assayed at 25°C for 30 min in the prcscnce of IO mM 
MgATP and IO mM mcthioninc as described [ 171. The protein samples 
were analyzed on SDS.PAGE [ 191. 
3. RESULTS AND DISCUSSION 
In a previous study the precursor of photosystem I,
subunit II (PsaD), was shown to integrate xclusively 
into the pigmented PSI complex [171. Here we examined 
the processing of the assembled precursor to its mature 
form within the isolated complex. Fig. 1 indicates that 
the precursor that integrated into the PSI complexcould 
be processed by the stromal peptidase to form the ma- 
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Fig. 1. The precursor of subunit II inserted into thylakoids can be 
correctly processed following the isolation of the PSI complex. The 
translation products (the labeled precursor of PSI subunit II) were 
incubated with isolated thylukoids as described in section 2 and in [ 171. 
The thylakoids were then trcatcd for 20 min with ? M NaBr to remove 
unspecific association of the precursor, and a sample (cquivalcnt LO 
5 bug chl) was analyzed by SDS-PAGE (lane 1). The most abundant 
proteins in this sample were the LHCII npoproichs (in the range of 
25-26 kDa). The remaining thylakoids recovered from the salt-wash 
were dissociated with 1% dodecyl;B~o~maltoside an  loaded on u su. 
crose density gradient. The PSI-containing fraction (equivalent to IO 
,~ug chi) (lane 2) was incubated for 30 min at 25°C v<ith the chloroptast 
stromal fraction (30 pug protein) (lane 3). Samples wcrc analyzed by 
SDS-PAGE. Left panel. stained gel; right panel, fluorography. Note 
Lhat under the clectrophorclic conditions used, the translation prod- 
ucts(tp) mignted with an apparent molecular weight ofabout 26 kDa. 
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Fig, 2. Insertion and processing of pre-subunit II to its mature form 
in the isolated PSI complex. Isolated PSI complexes were obtained by 
detergent extraction and sucrose density gmdicnt. as dcscriocd in 
section 2. The isolated complcxcs were incubated with the in vitro 
symhcsized precursor of subunit II and re-purified on a second S-20% 
sucrose gradient. The rc-purified PSI complex (equivalent 10 IOyg chl) 
was incubated with the stromal fraction purified from the chloroplusts 
(30 pg protein) for 30 min ill 25°C. SUII~~CS were lhl antilyzed by 
SDS-PAGE. The gel was stained (upper panel). Ruorographed and 
exposed to X-ray film (lower panel). Lane I. control (the x-purified 
PSI complex); lunc 2. the complex al’tcr exposure to lhr stromal 
lixtion. 
ture subunit 11. Thylakoids were incubated with the 
translation products, i.e. the labeled precursor of sub- 
unit I1 [ 171. Following the insertion reaction and NaBr 
wash, the PSI complex was extracted from the thy- 
lakoids with I % dodecyl-/3-o-maltoside, and purified on 
a 5-300/a sucrose gradient. The PSI-containing fractions 
were collected, loaded on a DEAE-cellulose column, 
and washed with 25 mM MES-NaOH, pH 65, and 
0.03% ciodecyl-P-D-maltoside. The pure complex was 
eluted with 25 mM MgS04 (in the same buffer), and 
concentrated to about 0.5 mg chl/ml in Amicon Centri- 
cons (Fig. 1, lane 2). Exposure of this complex to the 
stromal fraction (containing about 30 yg protein) for 30 
min in 25°C resulted in the processing of pre-subunit IT 
to form the mature form (Fig. 1, lane 3). 
In order to further charactcrizc the spccif-icity of the 
integration we isolated the PSI complex and then exam- 
ined whether the precursor of subunit II was capable of 
integrating into this isolated complex. Extraction of the 
16 
Volume 302, number 1 FEBS LETTERS May 1992 
PSI complex from the thylakoids and purification were 
followed by incubation of the translation products with 
the purified complex for 30 min at 25OC. In order to 
separate the PSI complex from the translation products 
which failed to associate with it, centrifugation was re- 
peated on a 520% sucrose gradient (5 h at 45,000 rpm 
in sw50 rotor). Fractions of about 0.5 ml were collected, 
and aliquots were analyzed on SDS-PAGE. Most of the 
labeled pre-subunit II was detected in the re-purified 
PSl complex (Fig. 2. lane 1). Some labeled proteins 
probably derived from non-specific labeling of the 
wheat germ proteins, and some free precursor was also 
found in the lower or uppermost fractions of the gradi- 
ent, respectively. The PSI complex could be re-purified 
on a DEAE-cellulose column, instead of the second 
sucrose gradient. Also, in this procedure the labeled pre- 
subunit 11 associated with the PSI-containing fractions 
eluted from the column (data not shown). 
Incubation of the re-purified PSI complex with the 
stromal fraction, as described above, yielded processing 
of the precursor to its mature form (Fig. 2. lane 2). 
These results imply that pre-subunit II does integrate 
and assemble into the isolated PSI complex. They agree 
well with results obtained with the reconstitution system 
in which the PsaD and PsaC proteins were reconstituted 
into the CCI-core proteins [ 131. However, it should be 
noted that our results were obtained with holo-PSI, 
which contained crll the different subunits of the com- 
plex. The fact that pre-subunit II could assemble into 
the holo-PSI suggests that an exchange occurs between 
the newly integrated subunit and an already existing 
one. It should be noted that in our system it is the 
precursor form that assembled into the complex, while 
Li and co-workers used a cyanobacterial subunit II. 
which lacks a transit sequence. 
The results also indicate that integration of the pre- 
cursor of su&uiit II into the PSI complex can occur in 
isolated complex outside the thylakoid membrane. In- 
formation for the assembly of subunit 11 lies within the 
PSI proteins independently of the surrounding mem- 
brane. The fact that pre-subunit II CM properly inte- 
grate into the PSI complex implies that no other protein 
(beside PSI components) is involved in the integration 
process. All considered, we conclude that the binding 
site for subunit II is presumably composed of domains 
in the two high molecular weight subunits, I,, and I,, 
together with subunit IV (PsaE) and subunit VII (PsaC) 
[4,9,12]. The results also prove our previous observation 
that the precursor form of subunit II is capable of inte- 
grating into the PSI complex [17]. 
The observations that processing of pre-subunit I1 
can occur after integration into the isolated complex 
imply that the precursor assembles into the complex in 
a way that its N-terminal transit peptide is accessible to 
a correct cleavage by the stromal peptidase. 
The ability of the precursor of subunit II to bind to 
the complex after its extraction from the membrane 
with detergents and to undergo processing in isolated 
complexes, suggests that the native conformation of 
both the enthe complex as well as the newly integrated 
pre- subunit II is kept, Hence, such in vitro systems may 
be useful for studies of integration and maturation of 
different polypeptide subunits in other membranal com- 
plexes as well. 
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